To balance X-linked gene dosage between males and females, female mammals silence one X chromosome in each cell. In eutherian embryos, X-inactivation is random such that each X has an equal probability of being inactivated 1 . Female mouse embryonic stem (ES) cells also have two active Xs and undergo random X-inactivation when differentiated 2 , providing a model system in which to study this process.
cas X in ~25% of X tetO X cells (9 of 40) , consistent with the expected frequency of cas silencing in a 129/cas cross (P = 0.72) 5, 13 . Two RNA FISH probes, one within the A-repeat and a second downstream of the A-repeat in exon 1, were used to identify the wild-type and ΔA alleles in X ΔA X cells (Fig. 1b) . In 100% of differentiated X ΔA X cells (55 of 55), wild-type cas Xist RNA coated the Xi (Fig. 1c, right ). This result is significantly different from the 25% of cells expected to silence the cas X (P < 0.0001). Both wild-type and A-repeat-mutant cells showed silencing of X-linked genes on the Xist RNA-coated chromosome (Supplementary Fig. 1 ). In combination, these allele-specific RT-PCR and FISH data indicate that a ΔA mutation changes the frequency of 129 X silencing from 75% to 0%.
To test whether the ΔA mutation causes primary or secondary XCI, we compared the viability of differentiating wild-type and X ΔA X cells. When XX or X ΔA X ES cells were codifferentiated with green fluorescent protein (GFP)-expressing wild-type male ES cells, the percentage of X ΔA X cells showing Xist RNA coating at each time point was similar to that observed in XX cells (Fig. 1d) , indicating normal X-inactivation kinetics in X ΔA X cells. In addition, there was no change in the ratio of GFP + to GFP − cells over time (Fig. 1d) . Therefore, differentiating X ΔA X cells were not at a proliferative disadvantage relative to XX cells, consistent with primary XCI. Differentiating X ΔA X cells do not undergo more cell death than XX cells (data not shown), also consistent with the ΔA mutation affecting choice.
To further distinguish between primary XCI and secondary XCI, we examined Xist and Tsix expression on each X in cells during the early stages of X-inactivation. Shortly after ES cells are induced to differentiate, Xist RNA coats the X that will become the Xi while Tsix and Xist expression persists transiently on the active X (Xa), appearing as a pinpoint FISH signal 6, 10, 14 . We used allele-specific RNA FISH to determine which X was silenced in this early stage of X-inactivation in X ΔA X and X tetO X cells. In differentiating X tetO X cells, the pinpoint Tsix-Xist RNA signal was associated with the tetO-marked 129 X in 4 of 24 cells (Fig. 1e) , consistent with the fact that the 129 becomes the Xa in ~25% of differentiated wildtype cells (P = 0.35) 5 . In X ΔA X cells, the pinpoint Tsix-Xist signal arose from the ΔA X in 18 of 18 cells, which is significantly different from the proportion seen in X tetO X cells (P < 0.0001; Fig. 1e ). These results further support the conclusion that X ΔA X cells undergo primary XCI.
The results of a third assay were also consistent with primary XCI in X ΔA X cells. Before female ES cells are differentiated, the X that will remain active (future Xa) and the X that will be silenced (future Xi) show distinctive FISH signatures 15 . In heterozygous Xist-and Tsix-mutant ES cells, the future Xa shows predominantly doublet FISH signals at Xist, whereas the future Xi shows predominantly singlet FISH signals 15 . We compared the Xist loci in X ΔA X ES cells to those in heterozygous Xist-mutant (X ΔXist X 5 ) and Tsix-mutant (X TpA X 7 ) ES cells. In X ΔA X cells, the A-repeat-mutant X showed a high frequency of singlet FISH signals at Xist, a pattern similar to that seen on the future Xa in the (g) Summary of results of allele-specific FISH in X ΔXist X, X TpA X and X ΔA X ES cells. The proportion of singlet-doublet cells in which each allele gives the singlet signal is indicated (Percentage singlet). Mut X, mutant X; WT X, wild-type X. For X ΔXist X and X TpA X cells, underline indicates the percentages for the future Xi. n indicates number of nuclei scored. P values indicate that the frequency with which the mutant X in X ΔA X ES cells shows a singlet FISH signal is comparable to the frequency with which the future Xa shows a singlet signal in Xist and Tsix heterozygous mutant ES cells. (Fig. 1f,g and Supplementary Fig. 1) . In other words, X ΔA X cells show the FISH signature characteristic of cells that will undergo primary XCI. In combination, our results indicate that deletion of the A-repeat from one X in female ES cells results in primary XCI upon differentiation. Thus, the system that determines the choice of which X will become the Xa and which will become the Xi is influenced by the A-repeat.
Histone modifications do not correlate with fixed chromosomal fate
In an ES cell line heterozygous for a deletion that removes the major Tsix promoter, primary XCI occurs and the mutant X always becomes the Xi 16 . In addition, histone modifications that are associated with silent chromatin, such as enrichment of histone H3 trimethylated on lysine 27 (H3K27me3), and depletion of histone H3 dimethylated on lysine 4 (H3K4me2) and acetylated histone H4 (H4ac), have been reported to mark the mutant X in these cells 17 . These observations led to the suggestion that chromatin marks preemptively designate the X that will become the Xi. We performed chromatin immunoprecipitation for H3K27me3, H3K4me2 and H4ac in wild-type, X ΔA X and X TpA X ES cells to determine whether primary XCI caused by an Xist mutation also correlates with these altered chromatin-modification patterns.
We used restriction enzyme polymorphisms to determine the relative abundance of H3K27me3, H3K4me2 and H4ac in the Xist-Tsix region (Fig. 2a) on the 129 and cas Xs in undifferentiated XX, X ΔA X and X TpA X ES cells. In wild-type cells, the distribution of all three modifications was roughly equal between the 129 and cas Xs at the Xist promoter region, in the Xist gene body and at the Tsix promoter region (Fig. 2b,c) . Insertion of a polyadenylation signal downstream of the Tsix promoter (X TpA X) caused a skewed distribution of H3K27me3 at all three sites, with a greater proportion of this modification occurring on the mutant X. The distribution of H3K4me2 and H4ac did not differ markedly from that in wild-type cells at any of the three sites.
In contrast to Tsix-mutant ES cells, X ΔA X ES cells showed roughly equal distributions of H3K27me3, H3K4me2 and H4ac between the 129 and cas alleles at all three sites analyzed. Thus, the primary XCI that occurs in differentiated X ΔA X ES cells does not correlate with markedly altered distribution of these modifications in undifferentiated ES cells. These data indicate that the unequal distribution of these chromatin marks at Xist and Tsix is not necessary to preemptively mark Xs for primary XCI.
Properly processed ΔA Xist transcripts do not accumulate
We next examined the effect of an A-repeat deletion on Xist RNA processing. An independently generated male X ΔA Y ES cell line in which the A-repeat and approximately 400 bp of flanking sequence are deleted from the sole Xist locus (Supplementary Fig. 2 ) was used for this analysis because it enabled us to exclusively measure transcripts derived from ES cells. Populations of ES cells contain a low percentage of differentiated cells even when grown under conditions that promote self-renewal. The amount of Xist RNA in differentiated female cells is several orders of magnitude greater than in undifferentiated ES cells 18 . As a result, a substantial proportion of the Xist RNA in a population of female ES cells arises from the low percentage of differentiated cells within that population (Supplementary Fig. 2 ). Because the wild-type cas X always becomes the Xi in X ΔA X ES cells, cas Xist RNA from differentiated cells may mask any 129 Xist RNA from the undifferentiated cells in the population. In contrast, Xist is silenced in differentiated male cells 19, 20 , so only ES cell-specific Xist transcripts are assayed.
We compared the levels of spliced Xist RNA in parental XY versus X ΔA Y ES cells using primers spanning exon 1 to exon 3 (ex1-3) or exon 3 to exon 6 (ex3-6) (Fig. 3a) . At 40 cycles of PCR, when detection is in the linear range, correctly spliced ex1-3 and ex3-6 products were observed in XY cells but not in X ΔA Y ES cells. When mutant cDNA was amplified by 50 cycles of PCR, low levels of Xist cDNA from ex1-3 were detected in a small fraction of reactions (Fig. 3a) . A normal ex3-6 product was never detected after 50 cycles of PCR in ΔA cells. However, a smaller-than-expected product, corresponding to aberrantly spliced Xist RNA, was observed at low frequency (Fig. 3a,b and Supplementary Fig. 3 ). Fifty cycles of PCR amplification using primers in exon 1 and exon 4 or exon 1 and exon 5 also amplified only incorrectly sized products in the mutant cell line (Supplementary Fig. 3 ). These data indicate that deletion of the A-repeat causes an Xist RNA processing defect.
We next examined whether the absence of correctly spliced Xist transcripts in X ΔA Y ES cells could be attributed to a lack of primary transcripts. Strand-specific RT reactions were performed to ensure that Xist, not Tsix, transcript levels were measured. We found that control RT reactions carried out without primers could yield RT-PCR products ( Supplementary Fig. 3 ), suggesting that Xist and Tsix RNAs 
a r t i c l e s
can prime each other, as has been reported for other sense-antisense RNA pairs 21 . As a result, it is unclear whether PCR products from standard strand-specific RT-PCR reactions arise from the Xist or Tsix strand. Therefore, we used a primer containing an anchor sequence for the RT reaction and a primer within the anchor sequence to amplify the cDNA (Fig. 3c) . This method ensured that only cDNAs produced from the RT primer were amplified. Across both the first (exon 1-intron 1) and last (intron 6-exon 7) junctions, similar amounts of correctly sized products were detected in wild-type and X ΔA Y cells ( Fig. 3d) , as has been previously reported 12 . Therefore, the absence of correctly spliced Xist RNA cannot be attributed to an absence of primary transcripts from the ΔA allele. The absence of spliced Xist RNA in X ΔA Y cells led us to ask whether the ΔA mutation affected accumulation of spliced Xist RNA in female X ΔA X cells. We used allele-specific RT-PCR to assess whether spliced Xist RNA was produced from the mutant 129 X. Although both 129 and cas ex1-3 cDNA was detected from wild-type female ES cells, no 129 product was detected in X ΔA X cells (Fig. 3e) . Thus, spliced Xist RNA is also absent from the mutant X in X ΔA X ES cells. Within exon 1 and across the exon 1-intron 1 splice junction, transcripts were detected from the mutant 129 X (Fig. 3f) , suggesting that the lack of spliced Xist RNA from the ΔA X is not due to a transcriptional defect. Together, the analyses of male and female ΔA cells indicate that deletion of the A-repeat impairs production or accumulation of spliced Xist RNA.
During imprinted X-inactivation, deletion of the A-repeat results in a loss of Xist RNA and an increase in Tsix RNA levels from the mutant X (ref. 12) . Reverse transcriptase quantitative PCR (RT-qPCR) for spliced Tsix RNA (exon 3-exon 4) revealed approximately six-fold more spliced Tsix RNA in X ΔA Y cells relative to XY control cells (Fig. 3g and data not shown). Therefore, as is the case in imprinted X-inactivation, deletion of the A-repeat causes an increase Tsix RNA levels.
The A-repeat binds ASF/SF2
To gain insight into the molecular role of the A-repeat, we identified proteins that interact with this sequence. Radiolabeled RNA corresponding to a consensus repeat unit (Fig. 4a) 11 Supplementary Fig. 4) . Numbers beneath the gel indicate the ratio of spliced to unspliced products. 
was incubated
with HeLa or ES cell nuclear extracts, and bound complexes were separated by nondenaturing PAGE (Fig. 4b) or by UV cross-linking followed by SDS-PAGE (Supplementary Fig. 4) . Two prominent band-shifted complexes were observed with both methods. Both complexes could be competed away with unlabeled A-repeat RNA, but not with a nonspecific competitor, indicating that both complexes were specific to the A-repeat (Fig. 4b) . A three-step purification enriched the larger complex (complex II) approximately 50-fold ( Supplementary Fig. 4) . To determine the protein composition of this complex, this partially purified HeLa nuclear extract was separated by SDS-PAGE. Mass spectrometry identified the most prominent bands that migrated near the molecular weight of the larger complex ( Supplementary Fig. 4 ) as aldolase A and ASF/SF2. To determine whether either ASF/SF2 or aldolase A bound the A-repeat, radiolabeled A-repeat RNA was incubated with HeLa cell nuclear extract and UV cross-linked. ASF/SF2 antibodies, but not aldolase antibodies, immunoprecipitated the cross-linked, radiolabeled A-repeat RNA-protein complex (Fig. 4c) . We next examined whether ASF/SF2 was necessary to band-shift the A-repeat, using a MEF line expressing ASF/SF2 under tet-off control 22 . Whereas the A-repeat produced a band-shift product when incubated with nuclear extract made from MEFs expressing ASF/SF2, this complex was not present when nuclear extracts were prepared from cells depleted of ASF/SF2 (Fig. 4d) . Together these results indicate that ASF/SF2 binds the A-repeat in vitro.
To assess whether ASF/SF2 interacts with XIST RNA in vivo, we simultaneously expressed wild-type human XIST RNA and ΔA XIST RNA in MEFs that express hemagglutinin (HA)-tagged ASF/SF2 (ref. 22 ). Whole-cell extracts from these cells were immunoprecipitated using an HA antibody. RT-PCR, with primers specific for wild-type XIST RNA and the ΔA XIST RNA, was used to assess the relative amounts of each RNA in the input and the immunopurified samples. Deletion of the A-repeat resulted in a nearly 60% decrease in the amount of XIST RNA that coprecipitates with HA-ASF/SF2 (Fig. 4e) . These data suggest that binding of the ~500-bp A-repeat comprises a substantial proportion of the ASF/SF2 binding activity in the ~17-kb XIST transcript.
To determine whether ASF/SF2 is necessary for normal Xist RNA processing in vivo, we compared the effect of ASF/SF2 depletion to the effects of control depletions on the ratio of spliced to unspliced Xist RNA. RNA interference that knocks down expression of ASF/SF2 causes considerable cell death in ES cells. Therefore, we compared ASF/SF2 knockdown to Smc2 knockdown, a control knockdown that causes a similar amount of cell death 23 . Knockdowns were performed in male Tsix-mutant ES cells 7 to eliminate Tsix RNA and simplify analysis. PCR reactions for spliced (exon 3-exon 6) and unspliced (intron 1-exon 1) Xist RNA were carried out simultaneously from the same randomly primed RT reactions. For both mock-and Smc2-depleted cells, this ratio was approximately 10:1. In ASF/SF2-depleted cells, it dropped to 3.5:1 (Fig. 4f) . The change in the ratio of unspliced to spliced transcripts was due to both an increase in the abundance of unspliced Xist RNA and a decrease in the amount of spliced RNA. Such an increase in the unspliced precursor and decrease in the spliced product is consistent with inefficient Xist RNA splicing. Collectively, the ASF/SF2 RNA immunoprecipitation and knockdown studies suggest that ASF/SF2 interacts with and regulates Xist RNA processing in vivo.
We next performed mutational analysis on an A-repeat unit to identify sequences necessary for ASF/SF2 binding. Each A-repeat unit is predicted to form a pair of stem-loop structures (Fig. 4a) by the free energy-minimization program MFOLD 24, 25 . In addition, the A-repeat consensus unit contains two sites, identified by ESEfinder 26 , that conform to the consensus motif for ASF/SF2 (Fig. 5a,b) . Complex II did not form with RNAs in which either site was mutated such that it was no longer predicted to bind ASF/SF2 (Fig. 5c and Supplementary Fig. 4 , mutations C, E, F, G and H). Mutations designed to disrupt predicted base pairing within either or both stems, but that did not perturb predicted ASF/SF2 consensus sequences, did not affect complex II formation ( Fig. 5c and Supplementary Fig. 4, mutations B and D) . In combination, these data suggest that the primary sequence, and not the predicted secondary structure, is important for ASF/SF2 to interact with the A-repeat. Because band-shifted complexes required the presence of both predicted ASF/SF2 binding sites within the A-repeat unit, each A-repeat unit may form a bipartite binding site for ASF/SF2, or ASF/SF2 may cooperatively bind within the A-repeat unit.
DISCUSSION
The A-repeat is necessary for Xist RNA to establish silencing in ES cells 11 , is required for imprinted X-inactivation 12 and is sufficient to bind Ezh2 (refs. 27,28). Our studies identify three additional activities for this highly conserved repeat sequence. The A-repeat is necessary to ensure that X-inactivation is random, binds the splicing factor ASF/SF2 and is required for accumulation of spliced Xist RNA. These observations suggest that regulation at the level of Xist RNA processing has a role in the random choice of which X is silenced.
The A-repeat constitutes one of the most conserved regions of Xist 11 . Mutational analysis within this element indicates that its predicted secondary structure, and not its primary sequence, is important for silencing 11 . The secondary structure formed by the A-repeat is also recognized by the A-repeat-binding protein Ezh2 (refs. 27,28) . In contrast, ASF/ SF2's interaction with the A-repeat is sequence dependent and appears to a r t i c l e s be independent of predicted secondary structure. Perhaps the A-repeat is so highly conserved because the silencing, Ezh2 binding and ASF/SF2 binding activities need to be maintained simultaneously. X ΔA X cells undergo primary XCI, similar to what is observed in other heterozygous Xist-mutant ES cells [29] [30] [31] . Whereas other mutations abolish or prematurely terminate Xist transcription, deletion of the A-repeat skews choice without eliminating Xist transcription. Therefore, events downstream of Xist transcription must be important for random choice.
In heterozygous Tsix-mutant ES cells, the Xist-Tsix locus on the mutant chromosome has been reported to be enriched for H3K27me3 and depleted for H3K4me2 and H4ac 17 . Because the Tsix-mutant X is always silenced upon differentiation, it was proposed that the acquisition of these modifications provides a preemptive mark that directs primary XCI. Deletion of the A-repeat also causes primary XCI, but the X that will be silenced in these cells does not acquire H3K27me3 enrichment, depletion of H3K4me2 or histone H4 hypoacetylation. Thus, these epigenetic alterations on the future Xi are not required to predetermine the fates of the Xs. Although differential modification of the Xist-Tsix region is not necessary for primary XCI in X ΔA X cells, modifications at other sites may correlate with fate in both Xist-and Tsix-mutant cells. One candidate for such a site is the H3K27me3 hotspot upstream of the Xist promoter 32, 33 . However, analysis of this site did not reveal any allelic bias in H3K27me3, H3K4me2 or H4ac in X ΔA X or X TpA X mutant ES cells (Supplementary Fig. 5) .
The A-repeat appears to be an unusual regulatory element. In other instances of splicing regulation by exonic sequences, which in many instances contain ASF/SF2 binding sites, mutation of the exonic splicing regulator affects splice-site selection at the exon containing the regulatory sequence, and processing of other exons is unaffected 34 . In contrast, deletion of the A-repeat disrupts processing of the entire Xist primary transcript, suggesting a novel cis-regulatory role for this highly conserved element. Xist RNA has a very large first exon and an antisense transcript; the position of the A-repeat at the 5′ end of the first exon may aid proper processing of this unusual RNA.
The lack of spliced Xist RNA and elevated levels of spliced Tsix RNA from ΔA chromosomes suggest that the A-repeat is necessary for normal metabolism of both noncoding RNAs. Because Xist, including the A-repeat, is encompassed within Tsix, any mutation of Xist also alters Tsix. As a result, it is difficult to definitively establish whether the altered Xist and Tsix RNA levels that occur in A-repeat-mutant cells are a consequence of the absence of this sequence in Xist, Tsix or both. The possibility that Xist RNA processing is directly regulated by the A-repeat is supported by the fact that only aberrantly spliced Xist transcripts can be detected in ΔA cells, that the A-repeat binds ASF/SF2 and that ASF/SF2 is necessary for normal spliced Xist RNA accumulation. However, it is also possible that the A-repeat does not directly participate in Xist RNA processing, but rather acts indirectly through Tsix. Perhaps the increase in Tsix transcripts in ΔA cells blocks accumulation of spliced Xist RNA in cis. Elucidating the mechanisms by which Xist and Tsix RNA regulate each other and how deletion of the A-repeat affects the production of both transcripts will be important for understanding how these noncoding transcripts ensure that X-inactivation is random.
Any model accurately describing how Xa and Xi fates are assigned in wild-type female cells must meet two criteria. It should account for how the two Xs adopt mutually exclusive fates, and it should explain why each X has an equal probability of becoming the Xi. Most models for stochasticity and mutual exclusivity posit that trans-acting factors asymmetrically assemble on the two Xs in each female cell. As a result of this asymmetric distribution, one X is marked to become the Xa and the other to become the Xi. Transgenic experiments have identified regions of the Xic that, when introduced onto an autosome, trick male ES cells into behaving as if they have two Xs. The minimal transgenes that function in this manner contain Xist and flanking sequences 35, 36 , suggesting that trans-acting factors asymmetrically assemble at a site within or closely linked to Xist. Deletion of the sequences contained in these transgenes does not perturb mutual exclusivity in female cells, indicating either redundancy or an alternative mechanism 37 . Another model suggests that each X has an independent probability of turning on Xist and being silenced. In this model, secondary selection that eliminates cells that have silenced too many or too few Xs accounts for the mutual exclusivity 37 .
Here we propose an alternative mechanism in which Xist RNA, and not a DNA element, is central to establishing randomness and mutual exclusivity (Fig. 6 ). In our model, stochastic differences in Xist RNA levels between the two Xs in each female ES cell underlie stochastic choice. Xist RNA is an attractive candidate as a factor that underlies randomness for several reasons. First, the Xist gene and its promoter are contained in all transgenes that are capable of tricking male cells into ectopically inactivating their sole X 35, 36 . Second, mutations that upregulate Xist expression in ES cells increase the probability that the mutant X will be the Xi 6, 7, [38] [39] [40] , whereas mutations that decrease Xist expression have the opposite effect 31, 37, 29 . In addition, it is estimated that there are approximately ten copies of spliced Xist RNA per female ES cell 41 . Thus, it is highly likely that the two Xs in wild-type cells will produce different amounts of spliced Xist RNA because of the noise inherent in the production of such a small number of molecules.
Once established, any stochastic difference could be amplified by a feedback loop that depends on the mutual regulation of Xist and Tsix.
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Self-renewal Self-renewal Figure 6 An RNA-based model for randomness and mutual exclusivity. (i) In mitosis, when all transcription ceases, no Xist RNA is produced from either X (purple and magenta). (ii) Once cells enter interphase, the two Xs produce different amounts of mature Xist RNA (purple and magenta wavy lines) by virtue of the noise inherent in production of small numbers of molecules. This noise could be introduced at the level of transcription, splicing or production of a mature ribonucleoprotein complex. (iii) The mutual negative feedback between Xist and Tsix amplifies the initial stochastic difference between the amount of Xist RNA produced from the two Xs. (iv) The X producing less Xist RNA is marked to become the Xa (green circles), and/or the X producing the most Xist RNA is marked to become the Xi (blue circles). (v) Cells that commit to differentiation read out these marks and silence the Xi, whereas cells that self-renew erase these RNA-dependent marks and reset them after the next mitosis.
The feedback between Xist and Tsix would ensure that the two Xs robustly adopt mutually exclusive fates by amplifying any small difference in the amount of Xist RNA produced from each chromosome. In our model, the X that produces less mature Xist RNA becomes the Xa upon differentiation. This regulatory network might function in parallel with a mechanism that restricts X-inactivation to cells with more than one Xic 42 . In such an RNA-based model, stochasticity and feedback ensure that the Xs in XX cells randomly and reliably adopt mutually exclusive fates.
An RNA-based model can also explain why heterozygous Xist and Tsix mutations cause primary XCI without perturbing a cell's ability to designate one Xa and one Xi. In cells heterozygous for an Xist deletion, the mutant X never produces mature Xist RNA and is always designated as the Xa. In cells heterozygous for an Xist mutation that increases expression, the mutant X always produces more Xist RNA than the wild-type X and always becomes the Xi. When Tsix is mutated, negative regulation of Xist is lost, and as a result the mutant X always produces more Xist RNA than the wild-type X and is designated as the Xi. Our model may also explain why homozygous Tsix-mutant ES cells silence both Xs at high frequency 43 . Without Tsix, the feedback loops on both chromosomes are broken and small differences in Xist RNA levels are not amplified, impairing the mechanism that ensures mutual exclusivity.
Although the roles of Xist and Tsix in randomness are well established, the molecular framework in which they function remains elusive. We propose that the noise inherent in the production of the small amount of mature Xist RNA expressed before X-inactivation is triggered, combined with the mutual feedback between Xist and Tsix, provide a means to ensure randomness and mutual exclusivity. 45 were grown without feeders. For differentiation, ES cells were grown in suspension culture for 4 d to generate embryoid bodies. Embryoid bodies were then plated on gelatinized dishes and grown until the day indicated, with day 0 being the day cells were initially aggregated. For experiments involving undifferentiated ES cells, feeders and differentiated cells were first removed by successive adsorptions on gelatinized dishes. Transformed MEFs expressing HA-ASF/SF2 under control of a tet-off promoter were cultured as described previously 22 .
METHODS

Genomic targeting.
To produce the ΔA-targeting construct, a puromycin cassette flanked by loxP sites was cloned between the 5′ and 3′ homology arms that directly flank the A-repeats. The 5′ and 3′ homology arms were generated by PCR using primers indicated in Supplementary Table 1.
Fluorescence in situ hybridization. FISH was performed as previously described 15 . Primers, plasmids or bacterial artificial chromosomes used to generate probes are indicated in Supplementary Table 1. Xist exon 1 or A-repeat concatamer PCR products were used as templates for Xist and A-repeat probes, respectively. The tetO sequences were detected as described previously 5 .
Chromatin immunoprecipitation. Chromatin immunoprecipitation was carried out using standard protocols 46 , with the following antibodies: H3K27me3 (Abcam 6002), H3K4me2 (Upstate Biotechnology 07-030), H4ac (Upstate Biotechnology 06-598) or rabbit IgG (Jackson ImmunoResearch 011-000-C03).
Allele-specific PCR. PCR reactions from RT-PCR or ChIP were diluted 1:2 into a new PCR mixture containing a singly radiolabeled primer (indicated by asterisk in Supplementary Table 1 ) and one final cycle of PCR was performed before digestion with the appropriate restriction enzyme (indicated in Supplementary Table 1) . Digested products were separated on an 8% polyacrylamide gel. Products were visualized on a PhosphoImager (Molecular Dynamics), and ImageQuant (Molecular Dynamics) was used to calculate the relative proportion of 129 and cas PCR products in each reaction.
Reverse transcriptase PCR and quantitative PCR. RT was performed on total RNA isolated with Trizol reagent (Invitrogen) and treated with RNase-free DNase (Promega). For RT-PCR of spliced transcripts, first-strand cDNA was synthesized from 0.5 μg of total RNA using random primers, and 40-cycle PCR were performed. To detect unspliced Xist transcripts, cDNA was synthesized from 5 μg of total RNA using a strand-specific primer containing a 5′ T3 anchor sequence. Reactions with and without RT were performed for all samples, and controls without primers were included for all strand-specific RT reactions (data not shown). One-twentieth of the first-strand cDNA was amplified by 50-cycle PCR. Strandspecific RT-qPCR was internally controlled using a T7-tagged β-actin primer in the RT reaction, followed by qPCR with T7-and β-actin-specific primers. All primers are indicated in Supplementary Table 1. Gel mobility shift and UV cross-linking assays. A-repeat RNA (5′-GGGCCC AUCGGGGCUGCGGAUACCUGCC-3′; Dharmacon) was labeled at the 3′ end with 5′-[ 32 P]pCp and RNA ligase. End-labeled RNA (10 nM) was incubated with 10-20 μg of ES, MEF or HeLa (Chemicon) nuclear extract and 10 μg tRNA in 20 mM HEPES (pH 7.9), 50 mM KCl, 10% (v/v) glycerol and 1 mM DTT in a volume of 20 μl at 4 °C for 30 min. A 100-fold molar excess of wild-type A-repeat or nonspecific competitor RNA (MS2 hairpin, 5′-AGCUGAGGAUCACCCAGCA-3′; Dharmacon) was included where indicated. The mixture was separated by nondenaturing 6% PAGE at 4 °C or UV cross-linked (800 mJ, on ice, 10-15 min). The cross-linked reaction was added to two volumes of sample buffer (20% (v/v) glycerol, 5% (w/v) SDS, 2 M Tris HCl (pH 6.7), 0.2 mg ml −1 bromophenol blue, 5% (w/v) β-mercaptoethanol), boiled for 10 min, placed on ice 5 min and separated by 12% SDS-PAGE. Gels were fixed in methanol and acetic acid, dried and visualized using a PhosphoImager (Molecular Dynamics). For protein purification, unlabeled A-repeat RNA was incubated with HeLa nuclear extract and partially purified as described in Supplementary Figure 4 . The mixture was separated by nondenaturing 10% PAGE with a 4% stack and stained with silver.
RNA immunoprecipitation. Transformed MEFs that express HA-tagged ASF/ SF2 were transfected using Lipofectamine 2000 (Invitrogen). Cells were simultaneously transfected with vectors that express wild-type and ΔA XIST 46, 47 , and immunoprecipitation was performed as described 48 , except that phosphatase inhibitors were omitted and Dynal magnetic beads were used, with mouse monoclonal HA-specific antibody (Sigma). Total RNA and randomly primed firststrand cDNA were prepared as described for RT-PCR. PCR was performed using primers specific to wild-type or ΔA XIST (Supplementary Table 1) .
RNA interference. ASF/SF2 and Smc2 depletions were carried out using in vitrodiced short interfering RNAs 46 . Primer sequences for generation of in vitro transcription templates for short interfering RNAs are shown in Supplementary Table 1.
Immunostaining. Immunostaining for ASF/SF2 using a mouse monoclonal antibody (Covance) was carried out using standard procedures 49 .
Imaging. All microscopy was performed at room temperature, on slides mounted with Vectashield (Vector Laboratories). FISH results were analyzed using an Olympus BX60 fluorescent microscope with a ×100 oil immersion objective, numerical aperture 1.30. Images were captured with a Hamamatsu ORCA-ER digital camera and Openlab 4.0.1 software. Grayscale images were combined into an RGB image using Photoshop (Adobe), with Cy3, FITC and DAPI images pasted into the red, green and blue channels, respectively. The Photoshop Levels tool was used to adjust the upper and lower input levels for each channel to match the upper and lower boundaries of the image histogram. All figures were assembled in PowerPoint (Microsoft).
Statistics.
The P values for allele-specific RNA FISH were determined by comparing the observed distribution of signal patterns at each allele to the expected 25-75 distribution in a χ 2 distribution test with one degree of freedom. For P-value calculations for singlet-doublet cells, the expected frequency of singletdoublet cells in which the future Xa showed a singlet FISH signal was 69% 15 .
